This study examined the lodging resistance of mulberry tree (Morus bombycis Koidz. cv Kenmochi) shoots treated or not treated with succinic acid 2,2-dimethylhydrazide (SADH). The lodging safety factor, an indicator of lodging resistance, was defined as the ratio of critical lodging load to the leaf fresh weight observed, provided that the distribution of the critical lodging load along the stem was similar to that of the leaf fresh weight observed. The critical lodging load was experimentally estimated by loading weights onto the stems. In the untreated trees, the lodging safety factor was maintained at about 3.2. In the SADHtreated trees, the stem elongation was inhibited to about 80% of that in the untreated trees, and the percentage of shoot dry matter partitioned into the leaves was always larger than that of the untreated trees. This dwarfing of the stem caused by SADH increased the critical lodging load supported by the unit stem dry weight, while this large investment of materials in leaves increased the leaf fresh weight supported by the unit stem dry weight. Since the increments canceled each other, the lodging safety factor of the SADH-treated shoots was similar to that of the untreated ones. These results suggest that the shoot formation of the mulberry tree is controlled to maintain the lodging safety factor at a constant level.
Leaf expansion is accompanied by the construction of a mechanical leaf-supporting system including stems and trunks. If an erect plant which has a robust leaf-supporting system and small leaf mass is bent to one side and released, it can right itself. However, a plant with a poor supporting system and a large leaf mass will bend further and buckle due to elastic instability (9) . The buckling leads to lodging of the plant. Therefore, the leaf-supporting system must be strong enough to prevent elastic instability.
Much effort has been devoted to preventing the lodging of the head-supporting stalk of cereal crops which can cause severe losses (14) . It has been suggested that the shape of the tall tree trunk, which should support the crown, is limited by elastic criteria (5, 10) . However, the lodging resistance of the leaf-supporting system has been neglected. Hence, we studied
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Critical lodging load
Lodging safety factor = Leaf fresh weight observed where the critical lodging load is the minimum leaf fresh weight required for lodging, provided that distribution of the critical lodging load along the leaf-supporting system is similar to that of the leaf fresh weight observed. In general, matter partitioning of cumulative photosynthate between leaves and the leaf-supporting system and plant height affect the lodging safety factor (see Appendix). When plant height is constant, the larger the amount of the plant materials partitioned into the leaf-supporting system, the larger the lodging safety factor is, and when the matter partitioning is constant, the shorter the plant height is, the larger the lodging safety factor is. In the both cases, thickening of the leaf-supporting system increases the lodging safety factor.
In the present study, we examined the lodging safety factor of untreated and SADH3-treated shoots of mulberry tree, Morus bombycis Koidz. cv Kenmochi. SADH, a growth retardant which stimulates ethylene formation (3) and reduces auxin levels (4, 15), has been used in agricultural practice to inhibit stem elongation oftreated crop plants (1) . We expected that the dwarfing caused by SADH would increase the lodging safety factor of the treated shoot, causing thickening of the stem of this shoot.
MATERIALS AND METHODS
The mulberry tree, Morus cut from a stump at each sampling time. We measured the length of the stem and divided it into 10 equal-length parts. The fresh weight of leaves and the diameter of stem in each part was measured within 30 min after sampling. On July 2, July 22, and August 1 1, the critical lodging load was measured within 60 min after sampling as described below. After drying at 80'C for 3 d in an oven, the leaf and stem dry weights were measured.
The distribution pattern of the leaf fresh weight and the load along the stem is shown in Figure 1 . The leaf fresh weight was distributed almost uniformly in the upper half of a stem. On the lower parts, the leaf weight was lower. Eight equal weights were loaded on the upper eight parts of a stem to estimate the critical lodging load. On the upper parts, this distribution of the load fitted that of the leaf fresh weight. The weight was a thin lead sheet (0.2 mm thick, 17 mm wide) of minimum 1 g weight. At the beginning of the procedure for measuring the critical lodging load, the basal 5 cm of a bare stem was inserted into a vise and maintained firmly erect. The angle (e) between the vertical line and the tip of the stem, was initially adjusted to 0 ± 5°. Next, each of the eight equal weights was loaded at the central region of each of the upper eight parts of the stem, with the stem being nipped with the weight (Fig. 2) . The load was gradually increased. When the load crossed the threshold, e increased suddenly (Fig. 3) . In this study, we regarded the weight which makes e = 9o0 as the critical lodging load. When the weight was removed soon after the measurement of the critical lodging load, the bent stems swiftly returned to almost the initial position. Load (g) Figure 3 . Example of the relationship between the load and e. The stem was sampled from untreated shoots on July 22.
inhibited the stem elongation by about 20%. The total dry weight of the shoot (leaves plus stem) increased with time, and no significant difference was observed in the dry weight of both shoots (Fig. 4) . In both trees, the leaf dry weight to stem dry weight ratio decreased with time (Table I ). This ratio in the SADH-treated trees was always larger than that of the untreated ones. This indicates that the SADH-treated trees partitioned a larger part of shoot materials into the leaves than the untreated ones. The density of the stem increased gradually with time, and no significant difference was observed in the density of both stems (Table I) . Since Young's (6) modulus and density are correlated, this increase in the density suggests that Young's modulus ofboth stems increased with time, and this similar density of both stems at each sampling time suggests that the SADH treatment did not greatly affect the Young's modulus of the stems at each sampling time. The stems of both trees tapered off to a tip and thickened with time (Fig. 5) . The stem of the SADHtreated trees was always more slender than that of the untreated ones.
The lodging safety factor of the untreated trees was maintained at about 3.2 during the experimental period (Fig. 6) . The lodging safety factor of the SADH-treated trees was always similar to that of the untreated ones, although the dwarfing ofthe SADH-treated shoots was expected to increase the lodging safety factor. One significant difference between both treatments, which affected the lodging safety factor, was the critical lodging load supported by the unit stem dry weight (Fig. 7A) . This decreased gradually with time in both shoots. However, at each sampling time, the unit stem dry weight of the SADH-treated trees could support a larger critical lodging load than that of the untreated ones (P < 0.05). Expression (3) in the Appendix explains this difference to some extent.
Since the critical load supported by the unit stem dry weight is proportional to w/14, the unit dry weight of the SADHtreated short stem can support a larger load than that of the untreated long one, when the stem dry weight of the SADHtreated trees is not much lighter than that of the untreated ones. Another significant difference between the two treatments was the leaf fresh weight supported by the unit stem dry weight (Fig. 7B) . This weight decreased with time in both trees, but the unit stem dry weight of the SADH-treated trees supported a larger leaf fresh weight than that of the untreated ones (P < 0.005). Since the leaf water content of both trees did not differ markedly, the large investment of shoot materials into leaves (Table I ) increased the leaf fresh weight supported by the unit stem dry weight of the SADH-treated trees. In the treated trees, the increase in the leaf fresh weight supported by the unit stem dry weight counterbalanced the increase in the critical lodging load supported by the unit stem dry weight. Thus, the lodging safety factor ofthe SADHtreated trees was similar to that of the untreated ones.
DISCUSSION
The lodging safety factor was constant in the untreated trees. The SADH-treated short trees also maintained the factor at a similar level, while investing a larger part of the shoot materials in leaves than did the untreated trees.
To estimate the effect of changes in partitioning of shoot dry matter between leaves and stem on the lodging safety factor, we first calculated the empirical relationship between the stem dry weight and the critical lodging load when the stems are of similar length (margin is 1 cm). The dry weight of the thick stem is 1.37 times as heavy as that of the thin stem, and the critical lodging load of the thick stem is 1.42 times as large as that of the thin stem (mean of six pairs). This suggests that when the stem length is constant, the critical lodging load is proportional to the stem dry weight. Assuming the existence of this relationship under the conditions that the length of the stem, the total dry weight of the shoot, and the water content of leaf are unchanged, we can calculate the effect of alteration in matter partitioning of the lodging safety factor (Fig. 8) . Thus, if the percentage of the shoot dry matter partitioned into the leaves in the SADH-treated trees was the same as that in the untreated ones, the calculated lodging safety factor of the SADH-treated shoots was always larger than that observed. For example, if the percentage in both shoots sampled on July 22 and August 11 was the same as that sampled on July 2, the calculated lodging safety factor would have decreased relative to the observed one with time. Here, we assume that the critical lodging load is proportional . . . , . . . . . --. -, . . . -. . . . . . . . . . . . . .   @   j , . -. . s~. . . -, , . . . . . . to the stem dry weight, but theoretical study suggests that the critical lodging load is proportional to the square of the column weight [see expression (3) in Appendix]. The simplicity of the model might have caused the inconsistency between the theoretical relationship and our empirical one. If the critical lodging load is proportional to the square of the stem dry weight, the calculated lodging safety factors should deviate further from the observed ones. The results of these calculations suggest that, in the present experiment, the matter partitioning was precisely controlled to maintain the constant lodging safety factor. Therefore, the lodging resistance is a criterion of the partitioning of matter between leaves and stem.
This partitioning of matter may be controlled by genetic information or some physiological system which senses the elastic stability. We cannot exclude either of these possibilities MlAug Figure 8 . Effect of changes in partitioning of shoot dry matter between leaf and stem on lodging safety factor. Solid line represents the lodging safety factor observed. Broken line represents the lodging safety factor based on the assumption that the percentage of the shoot dry matter partitioned into leaves in SADH-treated trees is the same as that in untreated ones. Dotted lines represent the lodging safety factor on the assumption that the percentage in both shoots sampled on July 22 and August 11 was the same as that on July 2.
(0), Untreated trees; (-), SADH-treated trees (n = 4, mean ± SD).
on the basis of the results with the untreated trees. In the SADH-treated trees, SADH might change not only the elongation rate but also the matter partitioning. But it would be unlikely for SADH to control the matter partitioning to maintain a constant lodging safety factor. Therefore, the Plant Physiol. Vol. 92, 1990 constancy of the factor in the SADH-treated trees suggests the existence of some mechanism which senses the current elastic stability and precisely controls the matter partitioning to maintain its level. This controlling mechanism remains unknown, but the value of the lodging safety factor should have adaptive significance. If plants invest excess shoot materials in the nonproductive leaf-supporting system to increase the lodging safety factor, the leaf mass decreases, resulting in a decline of the assimilation rate. However, if they invest the excess shoot materials in the leaf to increase the assimilation rate, they would not be able to stand vertically or resist wind damage. Therefore, safety goes against economy (2) . The lodging safety factor of about 3.2 observed in the mulberry tree would be the compromise between safety and economy.
In one growing season, deciduous trees change the organs in which they invest photosynthate. Early in the season, they expand leaves, but late in the season they allocate photosynthate only to nonproductive organs such as roots, trunks, and branches (7) . This change follows the optimal growth schedule for maximizing the nonproductive organs which are the internal resources for growth the following year (12) . In the late growing season, the lodging safety factor of the mulberry tree may increase, because the trees invest all current photosynthate in the nonproductive organs. However, the present experiment showed that, at least in the early season in which the leaves expand actively, the constant lodging safety factor was maintained by precise control of matter partitioning between leaves and the leaf-supporting nonproductive stem.
APPENDIX
The theory of buckling helps us to conceptualize the effect of matter partitioning and plant height on the lodging resistance. In the case of a vertical slender column which is fixed at its lower end and loaded with P at its upper end, the critical buckling load, P,r, can be expressed by Euler's formula: Pcr = ir2EI/412 (1) where E is Young's modulus, I is the moment of the interior, and 1 is column length (13) . If P > Pcr, buckling occurs. Since I is rri/4 for the circular section, we obtain Pcr = 7r3Er4/1612 (2) where r is the radius of the column. Generally, the density of wood and E are specific properties of tree species and correlated with each other (6) . If Pcr/P C W2/14P. (4) W, P, and / are interpreted as the weight ofthe leaf-supporting system, the fresh weight of the leaves, and plant height, respectively. Since the buckling is closely related to the lodging, expression (4) is useful for qualitatively understanding the effect of matter partitioning and plant height on the lodging safety factor. However, the model is simplistic for quantitative estimation of the lodging safety factor based on the measured data. The column in the model is untapered, whereas the real plant has a tapered leaf-supporting system. The taper has an important effect on bending stress (8, 11) . Moreover, the load in the model is concentrated at the upper end, whereas the real plant has leaves dispersed along the leaf-supporting system. The load point also affects the bending stress. Therefore, the limitations of Euler's formula for the plants must be noted.
